Organization of biological activities into daily and seasonal cycles is universal in organisms from 50 cyanobacteria to humans, and in many species endogenous rhythms in physiological and 51 behavioral traits are controlled by a circadian clock. Even though the clock-driven rhythms can 52 persist with a period of about 24 h in the absence of environmental cues (free-running rhythms), 53 they have to be reset every day by environmental signals (entrainment) to keep up proper phase 54 relationship with the day-to-night cycle (Dubruille and Emery, 2008) . Seasonal phase shifts in the 55 circadian clock have also been found to lead to corresponding changes in various kinds of 56 metabolic, physiological and behavioral traits, including insect locomotor activity (Saunders, 57 2002 ). Furthermore, the circadian clock has been suggested to function in cooperation with the 58 photoperiodic timer, which can induce shifts e.g. in insects' dormancy and diapause (Koštál, 59 2011) . 60
Insects' circadian rhythms have usually been studied by monitoring the oviposition, 61 eclosion and/or locomotor activity rhythms of groups of individuals (Hamblencoyle et al., 1992; 62 Sheeba et al., 2001) . For example Drosophila melanogaster flies start to move actively before the 63 lights-on and lights-off transition, which leads to a bimodal locomotor activity pattern 64 (Hamblencoyle et al., 1992; Wheeler et al., 1993) . In this species, flies' morning (M) and evening 65 (E) activity peaks have been suggested to be induced by two separate circadian oscillators, the 66 morning and the evening oscillators (Aschoff, 1966; Pittendrigh and Daan, 1976) , so that 67 seasonal changes in the phase angle between these activity peaks help the flies to adjust their 68 behavior to match with forthcoming environmental changes (Majercak et al., 1999; Rieger et al., 69 2003) . The morning peak of the flies has also been found to synchronize with the temperature 70 increase in the morning and the evening peak with the temperature decrease in the afternoon in 71 natural-like temperature cycles (Bywalez et al., 2012) . Several other insect species have been 72 found to show unimodal activity pattern, and thus their seasonal time measuring cannot be based 73 on above-mentioned system. For example housefly Musca domestica (Helfrich et al., 1985) and 74 some D. virilis group species (Bahn et al., 2009; Kauranen et al., 2012) show only evening 75 activity peak, while D. ananassae shows only morning activity peak (Joshi, 1999) . 76
Differences between the species with uni-and bimodal activity rhythms can be detected 77 also in fly brains. Bahn San Diego, CA, USA) in early and late summer conditions (see below). 128
Study design 129
The experimental conditions in the climate chamber were set to mimic the photoperiod and the 130 day and night temperature conditions typical to northern Finland from June to the beginning of 131
September. Photoperiod was decreased during this period stepwise from 24 LL (continuous light) 132 to LD 14:10 (14 hours light and 10 hours dark), the day temperature from 19°C to14°C and the 133 night temperature from 13°C to 11°C (see Fig. 1 ). Light intensity was kept at ~950 lux and 134 humidity at 60 ± 10% throughout the experiment. Conditions were changed at about two week 135 intervals, which enabled us to perform 14 days locomotor activity recordings at different times of 136 summer in given photoperiods and temperatures. The mean activity level of the females was calculated over 14 days in 5 min bins (how many 174 times a fly moved during each bin) in given environmental conditions. Flies that did not survive 175 throughout the whole experiment were excluded from the analysis. 176
Gene expression samples 177
Daily and seasonal variation in the expression level of tim and per genes was traced in the same 178 experimental conditions, where the females' activity rhythms were measured. Fresh sets of 179 females (5-6 females/ZT; ZT = Zeitgeber Time = daily sampling time) for this study were 180 collected from the chamber every 6 h over a 24 h period immediately after the locomotor activity 181 experiments had been completed, i.e. the females used for the activity experiments and for the 182 RNA extractions at the same photoperiod were of the same age. As above, the samples of ND 183 females were collected from all five photoperiods and the ones of D females at photoperiods 16:8 184 LD and 14:10 LD. In each photoperiod, the first sample was collected immediately before the 185 lights-on transition (ZT = 0 in darkness) and the 2 nd , 3 rd and 4 th sample 6, 12 and 18 h after the 186 Primers for tim and per and two reference genes Actin42A and E1alpha48D were 209 designed using NetPrimer (http://www.premierbiosoft.com/netprimer/index.html) program 210 (primer sequences are available Table A1 ). Amplification efficiency values of all primer pairs 211 were defined using 2-fold serial dilutions of pooled cDNA (from all treatments) with three 212 technical replicates and 7-9 dilution points (Table A1 ). Expression patterns of experimental genes 213 were traced with qPCR using 5-6 biological replicates and 3 technical replicates from all 214 treatments and ZTs. qPCR reactions contained the following mixture: 10 µl 2x Power SYBR 215
Green PCR Master Mix (Bio-Rad Laboratories, Hercules, CA, USA), 0.3 µl of each gene-specific 216 primer and 1 µl of cDNA solution; the total volume of reaction was 20 µl. qPCR reactions were 217 run with Bio-Rad CFX96 instrument (Bio-Rad Laboratories, Hercules, CA, USA) with following 218 cycling conditions: initiation at 95°C for 3 min, denaturation at 95°C for 10 seconds, annealing at 219 55°C for 10 seconds and extension at 72°C for 30 seconds. Denaturation, annealing and extension 220 phases of the PCR were repeated 40 times and they were followed by a melting curve analysis to 221 check the purity of the qPCR reaction. 222
Relative gene expression values for all samples in each treatment were calculated using mean 223
Cq values (3 technical replicates) for all genes and biological replicates and applying real 224 efficiency values. As the expression levels of the reference genes did not remain constant in ND 225 and D females in different LD cycles, the expression levels of tim and per were normalized using 226 a data driven normalization algorithm in NORMA-Gene program. This method has been shown 227 to be very efficient at reducing variance due to experimental bias even when using only four 
Locomotor activity of the females 255
About half of the studied D. montana females showed a free-running locomotor activity rhythm 256 in continuous light (24 LL) and 19 o C temperature (Table 1 ; all females were non-diapausing in 257 this condition), and nearly all females showed a clear entrained activity rhythm in photoperiods 258 involving a dark period and different day and night temperatures ( Table 1) . Rhythmicity of ND 259 females was lowest (54.8%) in 24 LL, followed by 84.1% in 22:2 LD, 91.1% in 18:6 LD, 80.0% 260 in 16:8 LD and 92.7% in 14:10 LD (Table 1) . D females showed about the same level of 261 rhythmicity in the two entrained photoperiods where they were studied (87.5% in 16:8 LD and 262 82.8% in 14:10 LD; Table 1 ). 263
In 24 LL with constant temperature, the rhythmic females free-run with a period of τ = 264 22.76 ± 0.41 (Table 1) ; this rhythm cannot be detected in Fig. 2 A as the free-running rhythms of 265 different females were not running in the same phase. In all entrained conditions, i.e. the ones 266 involving light and dark phase, females showed a 24 h rhythm. In these conditions females had a 267 clear evening activity peak, but no morning activity peak (Fig. 2 B-G; in 16:8 LD the activity 268 profile of ND females was slightly bimodal). The females showed highest activity at the end of 269 the light period, and their activity level decreased rapidly before the lights off transition (Fig. 2 
The mean activity level of both ND and D females decreased clearly towards the autumn 272 (Table 2) . Activity levels of the flies during the light period differed significantly between 273 different photoperiods both among ND (F 4, 392 = 45.6, p<0.001) and D females (F 1, 291 = 15.0, 274 p<0.001). Subsequent Tukey tests showed that the activity level of the ND females differed 275 between all LD comparisons, except between 24 LL and 22 LD, 16:8 LD and 18:6 LD and 14:10 276 LD and 16:8 LD (Table 3 ). D females moved less than ND females in the two shortest 277 photoperiods (F 1, 291 = 6.53, p=0.01) involving both female types. 278
Changes in the expression level of tim and per genes 279
tim and per genes showed significant daily oscillation in all photoperiods used in this study ( Fig.  280 2), and their expression peaks differed significantly from the expression levels measured at other 281 time points in all photoperiods in both female types (Table A3 ). The only exceptions were 22:2 282 LD and 14:10 LD for ND females, where the highest expression level of per differed 283 significantly from only two out of three other samples ( Fig. 2; Table A 3) . Oscillations in the 284 expression levels of these genes also coincided with each other in most sampling points. 285
In continuous light, the highest expression levels of tim and per occurred in ND females 286 at ZT 18 ( Fig. 2 A) . In photoperiods 22:2 LD and 18:6 LD, both genes showed highest expression 287 at an earlier time of day compared to continuous light, their expression peaking at ZT 6 and ZT 0, 288 respectively ( Fig. 2 B,C) . In photoperiod 16:8 LD, where the expression levels of these genes 289 were studied for both ND and D females, the highest peaks of both genes were detected in ZT 12 290 in both types of females ( Fig. 2 D, E ). In 14:10 LD tim expression peaked at ZT 0 and per 291 expression at ZT 0 and ZT 12 (difference between ZT 0 and ZT 12 was not significant) in ND 292 females (Fig. 2 F) . In the same photoperiod, the expression levels of both genes peaked at ZT 0 in 293 D females (Fig. 2 G) . It is worth to note that generally tim and per cycling was quite similar in 294 ND and D females in the same photoperiods and temperatures. day. An independent contrast test, correcting for phylogeny, confirmed the latitude to be the main 323 factor separating the species, which suggests that the unimodal activity rhythms have evolved 324 several times in genus Drosophila. It also means that the species with unimodal daily activity 325 must be able to anticipate seasonal changes some other way than from the phase angle between 326 morning and evening activity peaks like D. melanogaster flies have been suggested to do (Allada 327 and Chung, 2010). In the present study, D. montana flies were found to have only evening 328 activity peak, and a rise in the temperature at the beginning of light period did arouse fly activity 329 in the morning. However, simultaneous changes in the day length and the day and night 330 temperature in this study shifted the females' activity to an earlier time of the day under 331 shortening day lengths so that their peak activity did not overlap with the lights-off transition. The locomotor activity data of the flies was analyzed by H.K., gene expression data by H.K. and 419 M.K. and the statistical analysis was done by H.K. and O. A-H. All the authors participated in 420 writing the paper. 421 
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